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A Multiple-Point Thomson Scattering
Measurement for the ZT-40 Reversed Field Pinch

K. B. Freese, R. S. Massey, Rita Gribble, and
J. D. Smith

Los Alamos National Laboratory

ABSTRACT

A multiple-point Thomson scattering device, capable of giving radial eluctron temperature
profiles, has been developed for the ZT-40 reversed field pinch experiment. The measurement
is accomplished by observing tha Thomson scattered spectrum from along an entire chord of
focused ruby-laser 1light traversing the minor diameter of the plasma. A specially built,
nearly diffraction limited laser is focused through the plasma using a 1long focal length
lens. The detector uses specially designed collection optics to focus the entire scattering
volume into an image dissecting array of fiber optics, which serve as the entrance slit to
an anastigmatic spectrograph. The dispersed spectra from all the spatial locations are
detected with a gated microchannel plate image intensifier, and recorded on an optical
multichannel analyzer using a SIT tube detector. A computer interface is used for data
transmission for analysis. Results from the ZT-40 experiment will be presented.

Introduction

During the past 10 years the measurement of plaama electron densities and temperatures by
Thomson scattering has become a relatively standard technique in Magnetic Fusion Energy
(MFE) research experiments. The data obtained from such measurements have become essential
to the understanding of the physics of plasma oconfinement by magnetic fields. In
particular, tne evolution of temperature and density distribution in the plasma is required
to estimate important parameters such as the energy confinement time for an experiment.
Most routine Thomson ac‘ttering measurements provide data at only one point in the plasma,
at one point ir time.' Information about the evolution of temperature and density profiles
in the plasma has to be compiled from many repeated measurements made at various places in
the plasma at many different times during successive plasma discharges. The accuracy »f
such composite profiles depends on the shot-to=-shot reproducibility of the plasma-producing
device, and this is often a problem,

To obtain reliable2 temperature and aenaity profile data for the ZT-40 reversed field
pinech (RFP) experiment, we have developed a aystem to observe, simultaneously, Thomson
scattered signals from many points along the incident laser beam as it passes through a
diametsr ol' the plasma cross sectign. The approach taken follows the work first done by
Siemon~ and later by Bretz, et al.  The method uses a low=divergence, high-power, Q-awitched
ruby laser, focused into a long thin scattering volume through the plasma. The scattered
light is collected from the entire length of the volume and focused onto a linear
fiber-optic array that cisseots the image into many discrete spatial segments. The segmen's
are staclied forming the entrance 8slit of a low=resolution, anastigmatio spectrograph. Since
each spatial segment is at a different height in the entrance alit, the output image of the
spectrograph is & two=dimensional intensity pattern desoribed by plasma position (apatial
segment) along the ordinate and wavelength along the abscissa. This intensity pattern is
focused onto a gated picrochannel plate intensifier that forms the first stage of an
intensified vidicon image digitizer. This teokhnique provides instantaneous profile data for
electron temperature and density in the plasma; time-evolution of the profiles still must be
compiled from many measurements made at different times during reproducible plasma
discharges.

In this paper, we report the design and development of our apparatus and present
preliminary resuvlits from measurements made on the 2T=-U40 RFP experiment.

Bagkgrownd
Our system way designed to umnla re eleotron temperatures between 5 and 500 eV, at
alectron densities near Under these oonditions and for a ruby laser source

(A « 6943 A), the plasma Ol.OtPOﬁ! should

5 scatter the inoident light as independent
rad.ators having total Thomeson croas mection

"Work performed under the auspices of the U, S Department of Energy.
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where r, E ez/mec2 = 2.82x10713 cm 18 the classical electron radius. For a thermal &mtri-
bution ol electron speeds, the scattered light is spread in wavelength, having a spec g
that reflects the gaussian distribution function of the scattering electrons. The differ-"*,
ential number of agnttered photons can be expresned as a function of the scattered '”v\.
wavelength, As. as .
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where N7 s number of fncident photons § =
Ng t electron density k = BoltZman's constant
r., = classical electrnon radius Te s electron temperature
E s length of scattering volume observed m = electron mass
Q = observation solid angle ¢ = speed of light
Midg 3 incident and acattered wavelengths 84 = angle between incident and scattered

photons.

The number of photoelectrons produced at each channel of a multichannel spectral detector
can be estimated as,

N AN AR, (3)
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where A mean wavelength for each channel
quantum efficiency of detector
spectral transmission function of the optical train
spectral width of channel
observation solid angle
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For the conditions expected in ZT-40 (n, = 1014 om'3, Tq * 100 eV) and for the parameters
of our instrument,

3.5x10'9 (10 J)

N »
AB v 022 sr
ar v 30A = 3x10~7 om
nse .06
T« .01
L« 1em
3y = 90°

we estimate the number or detected photoelsctrons in any channel to be
2
(Xoh - Ai)

N 316 exp [=
) ( (196m2
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where wavelengths have been expressed in angstroms. Integrating over all wavelangths
detected (A ¢ 6940 A), weach spatial asegment ahould produce approximately 2000 photo-
electrons. This number 4+ large enough to givae good statistics if the plasma background
radiation does not swamp the signal. An estimate of the ratio of toterl detected scattered
p?otonu 6°° the number of detected bremsstrahlung photons in the same spectral region can be
given by

2
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where Ei =z energy in incident laser beanm
ty integration time for the gated detector (r-ually ty = pulse
width of laser)
vp z effective volume of plasma seen by detector
and ro, A4, L, n, are as defined prsvioualy. For expected oconditions, n, = 1014 cm'3,
Ey » S0 Jy ty = Yoo ns, and V, = 8 em>, Eq. (5) yields

Ny

Nbrem = 750 , ‘ (6)

which snoA give a confortable margin for signal-to-noise ratio. However, bremsstrahlung
is only a lowc:..hound to the intensity cf the background plasma 1light. In practice, the
background intens.v~ is usually much higher, and, in the case of 2T-40, the background light
in the spectral regio. ~f interest was over a thousand times bremsstrahlung. This was due
to the presence of impuri. -ion line radiation.

System Descoription

A schematic diagram of the entir. system 1is shown 1in Fig. 1. A low~divergence,
high-power ruby laser beam is focused to s .>in waist passing through the 40-cm diameter of
the Z2T-40 discharge vessel. The scattered .icht is collected from every point along the
beam by a specially designed, large-aperturs, wide-zn"gle lens attached to onw of the 50-mm
diameter, sapphire viewing windows in the side of the ceramic vessel. The image of the
scattering volume is focused onto an array of light guides that relay the asignal to a simple
grating aspectrograph. A gated detector integrates the resuluving spectrzl information and a
digital television camera acquires the image for further analysis. Each part of the system
is described in detail in the following subsections and is summarized in Tabdble I.

Ihe Laser

The laser s 8 Q-switched, ruby system capable of delivering a 10-J, £0-ns FWHM pulse
having ¢ 0.25-mrad divergence at 19-mm beam diameter. The system was built on an optical
table (NRC) from standard Korad parts and commerciully available lenses and mirrors. The
low divergence is achieved by lowe-order mode selection in the oscillator and subsequent
amplification.

The oscillator oconsists of a 4=-inch holographic=-quality ruby laser head in a flat-flat
cavity having an internal converging lens. The ratio of ocavity ;ongth to lens fozsl length
was chosen to produce near=confocal oscillator oaonditions. n addition, an internal
aperture is used to further reduce high-order transverse modes. The resultant wode
structure of the oscillator beam is a combination of TBMOO and TEM01. with TEMg4 being the
dominant mode. The beam diameter i3 approximately 3 mm.

The output from the oscillator is expanded to 10 mm, using & Fourier transform telescope
and spatial filter. The expanded beam 38 amplified through two U4-inch ruby rods and is
expanded again to 19 mm using & simple Galiean telescope. The beam passea through che final
amplifier which ocnsists of 1l-inches of ruby rod (en B-inch plus a 6-inch head). The
collimated output beam travels approximately 12 meters before it is focused into the ZT-Uf
plasma. The laser operates reliably and remains stable over several months.

Bsam Deldivery Syatem

The rejection ratio for unshifted stray laser light for the grating spectrograph is only
~ 107, and any significant stray reflection of the 4inoident laser beam entering thu
spectrograph would swamp the small Thomson scattering signal, which is approximately 10'"
times leas intense than the incident laser beam. So care must be taken to inrurs that Lhe
laser passes thruough the plasma without hitting any of the apertures along the way.
Furthermore, amall-angle scattering off optiocal elements in the beam path oreate a beam halco
whieh must also be prohibited from striking the interior of 2T=U40 walls and reflect.ng into
the spectrograph. To accompliish this goal, the beam delivery optiaes, vaiuum windows, bhean
apertures and baffles had to be carefully deaigned. The problem was manle more difficult
because the wall material inwide 2T-40 was highly=-raflective white ceramic and no viewing
dumps (black bnckground for the objective scene) were permitted inside ZT=-Au.

FResss I
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TABLE I. Z2T-40 MULTIPLE-POINT THOMSON SCATTERING PERFORMANCE SFECIFICATIONS

Ruby Laser
Total ruby length 60 cm
Output beam diameter 19 am
Beam divergence <0.25 mrad
Pulse width 30 ns
Energy/pulse ~10 J
Focus lens 2 mefl
Focus spot <.5 am
Hemi-Concentric Achromatic Objective
EFL 86 mm
/4 2.4
Full field 90°
Magnification 2:1
Fiber-Optic Image Disasector
Number of ~lements 36
Elenme SN - 2 omx4 mm
Spectrugraph
EFL 0.6 m
/4 6.0
Grating 1800 2/mm holographic
S1it 4 mmx72 mm - compound curve
Resolution at image ~1 mm max =
Resolution with slit ~30 A
Detector Stage
Reduction lens 6:1 120 mm £/1.0
MCP intensifier 18 mm S-20K/P=20 (ITT ¥111)
Relay lens 1:1 2=50 mm £/0.75
Detector OMA II SIT tube or ISIT tube
MCP gate 100 ns
Scan Pattern 16 tracks (over 32 spatial
elementsx500 channels/tracks

‘scan

‘The sntrance and exit vacuum windows are 2 m and ! m, respectively, from the laser focal
point. They are made from highly polisned, high-purity fused silica, mountod at Brswster's
angle, and because the peak surface power density of the laser is quite high (GW/em€), the
windows have to be kept scrupulously clean.

The key elements in reducing stray light are specially designed baffles and halo dumps
(Fig. 2) in both enrance and exit beam tubes. The halo dumps are nested, long cylinders,
concentric to the beam path. The ends - the oylinders toward the plasma are razor-edged
and all surfaces are shiny black (black chrome). Their function is to ubsord via multiple,
shallow=angle reflections the halo surrounding the Dbeam that enters the plasma ; ;lon.
Their effectiveness is proved by a residusl atray ‘gaer light level {a the detector,
equivalent to a Thomson scattering signal from a Tx10 om=3 density plasma. This signal is
easily maaked in the spectrograph, wgéoh lgould permit measurements of Thomscn scattering
from electron densities down to ~ 10'¢“ em™°. The success of the entire beam delivery system
is enhanced by the extremely low divergence of the laser beam.

Collsction Qptics

The design of the optical train, including the grating spectrograph, required a systems
approsch made possible by the availability of the ACCOS V optical design code. The first
element irt the train was the wide-angle objective., It had to collect the ascattered signal
within a 90° field of view at the largest possible solid angle. By using fiber optics at
the ipage surface, a highly ourved image field was permitted, greatly simplifying the
design. Another conatraint on the lens was that it had to be a3 close to the sapphire
viewing window as poassible to avoid vignetting at the extremes of the field. The solution
chosen was @& cemented doublet, hemi-concentric achromat (Fig. 3). The lens was designed
with a plano front surface that could optically aqontact the viewing window and provide
paximum aperture. However, since no rigid mechanical oconnections were permitted between the
ceramic torus and the outside world (the torus was free to move ¢ 1 mm Lo acocmmodate
contraction while wunder vacuum), the lens had to be mounted on a sliding, spring-tension
support that held the lens in optical contaat with the sapphire window, The fibor=optic
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Fig. 1. A schematic diagram showing the Fig. 2. A ocut-away view of the halo dump
laycut of the multiple-point Thomaon used to absorb stray light that 1is non-
scatvering measurement apparatus for ZT-4C. parallel to the incident laser beam.
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Fig. 3. A ray-trace diagram of the hemi- Fig. 4. The fiber optic image disaector
concentric achromat objective lens showing that relays the ocurved objective image to
the highly cvrved image surfage. the compound=curved entrance slit of the

spentrograph.

image dissector was conveniently mounted on this atructure also whica helped maintain
aligrment onca proper focus hat been established.

The image dissector, shown 4in Fig. 4, relayed the image to the spectrograph slit and
reshaped the asnect ratio of the image. The fiber-optic array at the image formed by the
objeciive lens comprised 36 bundlez. each 2-am wide b, Y-mm high, stacked end-to-end. When
entering the spectrograph alit, the bundles were astacked side-by-aide. Thus, the
"Uyamm 2-mm obJjective {mage war converted to a 72-mmxli-mpr entrance slit. The use of fiber
optics alsc permitted a simple way to reduce some of the aberrations of the aspectrograph.
The field curvature of the aspertrograph image oould be flattened in one dimension by
stacking the input fibers along a qurve concave toward the grating. The usual ourved slit
inage of grating spectrographs” could he straightened by bending the slit perpendicular to
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the optical path. Thus, a compound-curved entrance alit held the fiber bundles in the
correct positions to give a fairly flat (one dimension of field curvature cannot be
removed), rectiliniar image.

This flexible arrangement permitted rapid modification of the image presented to the
spectrograph. Some of the spatial-segment bundles were moved off the line image of the
Scattering volume, and used to measure background light from similar volumes adjacent to the
laser path. The signals from these segments were subtracted from the adjacent data channels
to compensate for background light.

The Spectrograch

The spectrograph had a simple Littrow design, employing commercially available telescope
lenses and a holographic grating. The spectrograph provided an 8 A/mm dispersion at the
image. Because our resolution element for this measurement was quite large at the detector
(~ 30 A), the absolute resolution of the spectrograph could be relatively poor, having an
image spot size of ~ 1 mm. “

The Detector

The output image of the spectrograph is approximately 72 mm x 72 mm and must be reduced
to fil1 the photo-cathode of an 18-mm microchannel plate (MCP) image intensifier (ITT 4111),
A commercially available, Zeiss R-Biotar (120 mm, f£/1.0) serves the purpose. The MCP
intensifier provides the first stage of optical gain and the gated photocathode serves as a
fast optical shutter. The gate period is ~ 100 ns. Two KOWA, 50-mm, f£/0.Y5 lenses relay
the intensified image at 551 transnission from the MCP tube to the faceplate of an OMA II,
Model 1256 detector head. The OMA II (Optical Multichannel Analyzer) {8 a versatile,
digital, television system built by Princtcn Applied Research. These elements, shown
schematically in Fig. 5, are mounted on a sliding optical rail assembly that allows
adjustment of each element individually, and a sliding adjustment of the entire assembly to
achieve best focus of the spectrograph image.

Detector Development

The detector system, which includes the MCP and OMA II, is remotely controlled and
interrogated by the 2T-40 control computer. A schomatic 4is given in Fig. 6. The
integration of these various components into a working system required a considerable amount
of circuit design and fabrication.

The MCP shutter operates in 3 modes: a) fast gating (~ 100 ns) synchronized with the
laser m~7itor pulse, b) a longer gate pulse of ~ 10 us useful for some of the calibraticn

MCP INTENSIFIER
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Fig. 5. The spectrograph image detector Fig. 6. A schematic diagram of the computer
assembly, showing the reduction lens, acontrol aysitem for the multiple-point
migcrochannel plate intensifier, relay Thomson scattering measurement apparatus.

lenses, and digital TV head.
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procedures, and c) a continuously open 'focus' mode for adjustments of the entire system in
very subdued light.

Since the OMA 11 needs to operate 'n a continuous scan mode, it requires that the 2T-40
bank be fired only during the time w.ndow between frames.

It is an intrinsic property of the SIT tube that several scans must be macde to obtain all
the avecilable signal. The scan pattern can be varied by the operator. A typical scan will
generate approximately 8000 16-bit words of data, requiring an 8Kx16-bit capacity memory
buffer. This is available in a CAMAC module (not shown in Fig. 6). Not atypical of the
entire project was the discovery and cure of a dasign flaw in the memory buffer, of which
the vendor was unaware.

A triple-wall nested magnetic shield (two layers of 18 gauge Mu-metal and an inner wrap
of Conetic foil) protects the detector electronics from the ~ 100 gauss stray fields that
were found to exist in the vicinity of ZT-40 during machine operation.

Results

Without the 1laser, the apparatus functioned as a low=-resolution, but very
high-sensitivity spectrograph. A systematic study of the background spectra revealed that
the background light was dominated by impurity atomic spectra. Furthermore, the correlation
between signals from adjacent spatial segments was not consistent shot~to-shot which meant
that subtraction of the background signals would be difficult. Preliminary identification
of 8some of the observed spectral 1lines showed low-level ionization of wall impurities
(oxygen, silicon) and wall-embedded gasses (nitrogen), that suggested that the background
light may have come from wall-plasma interactions near the viewing window. Later, this idea
was supported by a post-mortem of the ceramic torus that showed considerable discoloration
of the windows and scorching of the ceramic walls.

These problems made detection of the Thomson-scattered signal difficult. The sensitivity
of the instrument was calibrated by Rayleigh scattering from low=-pressure (1 to 7 psi) fills
of nitrogen. The calibration revealed that the background light was ~ U times larger than
the expected Thomson scattering signal, or ~ 3000 times the classical bremsstrahlung level.

Figure 7 shows the data for fifteen tracks (spatial segments) of plasma background light.
Under the intensity surface spanned by track number and wavelength, is drawn a typical
Thomsonescattered signal for one track, to show the relative sizes of the signais. The
large background level prevented us from measuring plasma temperature except for
high-density, low-temperature conditions (see Fig. 8) where the signals were large enough to
be measured. Me~surement ol smaller signals required increased sensitivity, but saturation
of the detector by the background Ssignal made such measurements impossible.

Congclusions
The multiple=-point Thomson scattering measurement was designed, built, and tested on the
ZT=U0 reversed field pinch experiment. The apparatus performed as expected, but

unexpectedly large levels of impurity radiation from plasma-wall interactions dominated the
measurement, limiting the uscfulness of the device to high-density, low-temperature plasma
measurements.

ZT-U0 was modified to use a metallic (inconel) vacuum vessel instead of the one made of
ceramic. Preliminary results from the new ZT-4OM (M for metallic) indicate that background
light will be significantly (10 to 100 times) reduced, allowing us to measure plasma
temperatures and densities under more interesting and relevant conditions, i.e., low density
and high temperature.
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Fig. 7. A 3D perspective plot of the back-
ground light intensity pattern observed for
one discharge in ZT-40. Masks in the spec-
trograph for A » 6943A and at 6562A : S04
(H,) appear as flat valleys in the plotted
intensity surface.

é 31l

‘[ -7 v L T T
2t Te" 1702156V -
0 - RO IZAL TRACK 1
—.: | S L [ 1. 1
=
S
o
o
-«
- TRACK 2
£
2
=
=
TRACK 3
1 - | (] i) L
6400 €600 6800 1000
WAVELENGTH (R)
Fig. 8. Analyzed Thomson scattering signals

for three typical tracks (spatial segment
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